I. INTRODUCTION
Formic acid (HCOOH), the simplest of the carboxylic acids, attracts continuous attention from researchers due to its importance in many fields of astronomy, biology, chemistry and physics. Formic acid in low concentration is almost omnipresent in Earth's troposphere, as gas or dissolved in natural sources such as rain water [1] . Emission of formic acid comes from both anthropogenic and biogenic sources. In chemical engineering, synthesis of formic acid from CO 2 is extensively studied [2] . The growing need for efficient energy storage suggests its increased use in fuel cells, combining easy storage in liquid phase with high energy density [3, 4] . Formic acid has been suggested as a suitable product in carbon capture reactions, where CO 2 is captured either directly from the atmosphere or from highconcentration industry sources, and catalysed to useful chemicals [5] .
Beyond our planet, the formic acid molecule is present in varying concentrations in stellar atmospheres; it has been discussed whether it is a precursor in the formation of amino acids, such as glycine, in space [6] . The natural abundance of x-ray radiation in stellar environments has been a prominent reason for earth-based investigations of photochemical reactions following core-level excitation.
X-ray excitation of molecules induces electronic processes which lead to fragmentation of the molecule. Core excited and core ionized states (i.e. excitation of a core electron to an unoccupied orbital and to the continuum, respectively) of molecules containing low-Z atoms typically decay by emission of an Auger electron on a fs time-scale. Further ionisation can occur if the molecule holds excess energy after Auger decay. The decay of a core-excited or -ionized molecule by emission of an x-ray photon is less probable. The resulting dissociation of decaying molecules can produce positive ions, neutral fragments, and, with much lower probability, negative ions.
The role of negative-ion production has generally attracted little attention. For formic acid, a study by Guillemin et al. [7] reported negative ion yields (NIY) at the C 1s edge. They used a magnetic mass spectrometer to reveal four negative ionic species, in addition to 21 positive ones. Their study did however not allow for a direct comparison of branching ratios between the fragments. NIYs at the O 1s edge have been measured in photon stimulated ion desorption from condensed formic acid [8] , but to our knowledge not in gas-phase. Positive ion creation, in contrast, has been measured at the C 1s [7, 9, 10] and O 1s [11] ionisation edges. The deuterated versions of formic acid (DCOOH, HCOOD and DCOOD) have also been subject to fragmentation studies with positive ion detection [10, 12] . Fragmentation following VUV excitation was studied with photofragment fluorescence spectroscopy [13] .
Our recent study on water in gas-phase showed that negative-ion/positive-ion coincidence spectroscopy can be a sensitive probe of weak features in the decay and fragmentation channels of small molecules [14] . Since production of negative ions necessarily must be accompanied by positive ions, it is desirable to detect them in coincidence. Most coreexcited molecules relax by electronic emission. The net positive charge suggest that negative ion production should be associated with either highly charged positive fragments, or several singly charged fragments. A complete picture of the fragmentation patterns thus requires the ability to detect several positive ions in coincidence with a negative ion. In this paper we will report on such fragmentation patterns involving three and four ionic fragments, namely negative-ion/positive-ion/positive-ion coincidences (NIPIPICO) and negative-ion/positive-ion/positive-ion/positive-ion coincidences (NIPIPIPICO). Fourion fragmentation following absorption of a single x-ray photon has not been reported previously.
II. EXPERIMENT
Experiments were performed at the high resolution (E/∆E > 10 4 ) Gas Phase Photoemission beamline of the Elettra synchrotron radiation laboratory (Trieste, Italy) [15, 16] .
An effusive jet of gaseous formic acid was let into a vacuum chamber through a gas needle controlled by a leak valve. The sample was purified from dissolved gases by repeated freeze-pump-thaw cycles. The vapour pressure of formic acid at ambient temperature was sufficient to drive a steady gas flow through the leak valve. The gas jet and the photon beam crossed in the centre of the interaction region of the coincidence setup. The chamber pressure was kept at 6 · 10 −7 mbar, but it is estimated that the gas pressure was 10-50 times higher in the interaction region. The intensity of the light was monitored with a photo-diode at the downstream exit of the chamber.
Our negative-ion/positive-ion coincidence setup has been described in detail before [17] .
Briefly, it consists of two time-of-flight (TOF) spectrometers operating in tandem. Positive and negative fragments are separated by an electrostatic field, mass-dispersed in flight tubes and detected with two single-anode multichannel plate (MCP) detectors. Both spectrometers are installed with their axes at the magic angle (54.7 degrees) with respect to the electric vector of the linearly polarized incident radiation, ensuring that the detected intensity is independent of the angular anisotropy parameter [18] . A weak magnetic field in the negative-ion flight tube deflects electrons, preventing them from reaching the negativeion detector. We made amendments to the spectrometer compared to our most recent publication [14] . The negative ion detector was reinstalled with better electrical insulation, allowing us to put a higher attraction potential on the detector surface (+2000 V, compared to +900 V previously) and a higher gain potential over the double MCP stack (1850 V, compared to 1700 V previously). We could thereby run both TOF spectrometers with approximately twice the extraction potentials, increasing the collection efficiency of, in particular, the positive-ion TOF spectrometer. The cut-off kinetic energy for full detection was increased to 5.5 eV in the positive-ion TOF spectrometer (previously 2 eV) [19] . This, Data was recorded while setting the photon energy at the known resonances and features in the NEXAFS spectrum. At the C 1s and O 1s edge, a negative-ion/positive-ion coincidence spectrum at each photon energy was measured for 60 min and 80 min, respectively.
The positions of the resonances and features were determined from total positive ion yields (TPIY) measured by the same instrument, as displayed in Figure 1 . These resonant features have been studied earlier with near edge x-ray absorption spectroscopy [20] and inner shell electron energy loss spectroscopy [21, 22] .
The ground state geometry of HCOOH is planar and has C s symmetry, and thus all orbitals have either A' or A" symmetry [23] . Many previous works have identified the lower unoccupied orbitals as π and σ orbitals [11, [20] [21] [22] . Others have considered HCOOH to belong to the C 1 symmetry group [7] , and thus designated all orbitals as A. We will in this paper use the notation of Prince et al. [20] which is the most widespread; in particular π* for the lowest unoccupied molecular orbital (LUMO) and 3sa' for the LUMO+1. These are otherwise designated as 13A and 14A in the C 1 symmetry, and should be designated 3A" 
O1s ( and 11A' in the C s symmetry. The π * orbital is mostly located at the C=O group [22, 24] .
The 3sa' has been identified as an antibonding orbital in OH [23, 25] . While the O 1s TPIY only contains broad resonances, C 1s TPIY shows a prominent set of Rydberg resonances above the π* and 3sa' peaks, leading up to the IP [20] . A broad σ* resonance is visible in part above IP. The O 1s TPIY contains contributions from both constituent O atoms. The O 1s (OH) → π* resonance is believed to overlap with O 1s (C=O) → 3sa' [21, 22] .
III. DATA ANALYSIS
Time-stamps for detected ions at the two detectors were recorded in separate data libraries. A positive ion was considered coincident if it was detected within 3000 ns before or 5000 ns after a negative ion. If two or three positive ions arrived within this window, a 3-body or 4-body coincidence event was recorded. Only the difference in flight-time between a negative and a positive fragments was established in data analysis. The identity of peaks in the arrival-time difference spectrum, corresponding to negative-ion/positive-ion pairs, were determined from electrostatic simulations and acquisition of photoelectron/positive-ion coincidence spectra, as described in our previous publications [14, 17] . The NIPIPIPICO map Figure 3) . From the events in the two-ion NIPI 1 CO spectrum (inset) we select the O − /H + peak, and plot a contour map of all PI 2 and PI 3 that have been detected in coincidence with this ion pair. Each island in the map corresponds to a four-body coincidence channel. The TOF differences of the first, second and third PI are calculated relative to the arrival of the negative ion.
in Figure 2 illustrates how four-body channels were identified from arrival-time difference spectra.
All measured data were normalised to the intensity of the light such that one coincidence event equals between 0.9 and 1.4 arb. units, as they are presented in the figures and tables.
IV. RESULTS AND DISCUSSION
The dominant decay channel for core excited HCOOH below threshold is emission of a resonant Auger electron. Production of a singly charged negative fragment from the dissociation process leaves remaining fragments with a net charge of +2. If the doubly charged fragment is not a single atom, it likely dissociates further into two singly charged fragments:
where A, B, C are atoms or small molecular fragments, ** denotes a core excited species and * a valence excited species.
We can identify four negative ion species at the C and O edges:
The same species have previously been observed at the C 1s edge [7] . O − channels are dom- The branching ratios of the NIPIPICO channels involving the H − ion do not show conclusive changes in the C 1s core excitation region -they are within statistical uncertainty of ∼ ±0.5% of the data points -but they seem to decrease in general when the C 1s threshold is crossed. Adding up the individual channels, we find that the H − production is largest at the C 1s → 3sa' resonance with the branching ratio of 19%, an increase of 4% from the C 1s → π * (CO) resonance. The higher abundance of H − at the C 1s → 3sa' resonance has previously been proposed to hint at a C-H breaking process with the charge localizing on the H fragment [7] . The minority channel O − /H + /HCO + has a peculiar behavior at the O 1s edge. We observe that this channel has a larger relative increase than any other channel as the IP is approached (Fig. 4) . We demonstrate that the observed behavior is statistically significant by showing the O − /HCO + two-ion coincidence spectra at certain photon energies in Fig. 5 . PIY measurements do not explain this behaviour; HCO + and CO + are produced at similar rates at O 1s (C=O) → π* while the HCO + is suppressed to half of the CO + yield at the second resonance [11] . The same study shows an increase of non-coincident HCO + production above IP, remaining firmly below the CO + yield. PIY-measurements of formic acid with a deuturated hydroxyl group (HCOOD) showed that HCO + has a much higher yield than DCO + at the O 1s edge [11] , which suggests that non-coincident HCO + in HCOOH preferably originates from breakage of the C-OH bond. 535.6 eV [7] 538.5 eV [10] 540.5 eV [11] 543.0 eV [12] 
with only one additional broken bond. 
